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Hybrid quantum systems are essential for the realization of distributed quantum networks. In
particular, piezo-mechanics operating at typical superconducting qubit frequencies features low ther-
mal excitations, and offers an appealing platform to bridge superconducting quantum processors and
optical telecommunication channels. However, integrating superconducting and optomechanical el-
ements at cryogenic temperatures with sufficiently strong interactions remains a tremendous chal-
lenge. Here, we report an integrated superconducting cavity piezo-optomechanical platform where
10-GHz phonons are resonantly coupled with photons in a superconducting and a nanophotonic cav-
ities at the same time. Benefited from the achieved large piezo-mechanical cooperativity (Cem ∼ 7)
and the enhanced optomechanical coupling boosted by a pulsed optical pump, we demonstrate
coherent interactions at cryogenic temperatures via the observation of efficient microwave-optical
photon conversion. This hybrid interface makes a substantial step towards quantum communication
at large scale, as well as novel explorations in microwave-optical photon entanglement and quantum
sensing mediated by gigahertz phonons.
I. INTRODUCTION
Combining the most advanced technologies in differ-
ent regimes, hybrid quantum architectures are pivotal for
the development of quantum information science [1, 2].
Recent few years have witnessed impressive progresses
in two very important fields—quantum computing based
on the state-of-the-art superconducting qubit technol-
ogy [3–8] and quantum telecommunication through low-
loss optical photons [9–12]. However, towards a future
scalable quantum network, it is becoming increasingly
urgent to interface the superconducting and the pho-
tonic modalities in a quantum coherent manner [13, 14].
To fully exploit the quantum advantages, such coher-
ent superconducting-photonic interface must satisfy very
stringent requirements: the signal inter-conversion must
have not only a high efficiency but also low added noise.
Various physical platforms have been investigated to
address these challenges in all aspects, including trapped
irons or atoms [15, 16], magnonics [17], electro-optics
[18–21], optomechanics [22–33], etc. Among all the
schemes, the optomechanical system is very appealing be-
cause strong photon-phonon coupling can be achieved in
both microwave and optical domains to mediate efficient
photon conversion. Benchmark demonstration of high-
efficiency conversion has been recently achieved using a
megahertz cavity electro-optomechanical system [32, 33].
But the low-frequency mechanical membrane inevitably
suffers from large thermal noise even at millikelvin tem-
peratures, and the 3D optical cavity design poses a limit
to the scalability.
On the other hand, gigahertz piezo-optomechanics
[30, 34–40] is advantageous in that thermal excitations
∗ hong.tang@yale.edu
(n¯th) at high frequencies are significantly suppressed,
n¯th ≈ kBT~ω , where kB is the Boltzmann constant, ~ is
the reduced Planck constant, ω and T are the frequency
and the temperature. Moreover, these high-performance
piezo-optomechanical (POM) micro-devices can be fully
fabricated on a chip, offering great potential for integra-
tion and up-scaling.
However, it remains a tremendous challenge to effi-
ciently interface an on-chip POM system with supercon-
ducting circuits. During past few years, great efforts
have been made towards this goal. Bidirectional coher-
ent conversion has been observed in room-temperature
experiments by using a gigahertz POM crystal [30, 41].
Recently, such a POM crystal has been cooled to its
ground state for low-noise microwave-to-optical conver-
sion [42]. Nevertheless, due to the lack of low-dissipation
cavity-enhanced microwave coupling, in all existing real-
izations of POM converters, the achieved photon conver-
sion efficiency is very limited (∼ 10−5 at room tempera-
ture [41] and ∼ 10−10 at cryogenic temperature [42]). Al-
though superconducting cavity electromechanics has ac-
complished great successes [43–45], combining supercon-
ducting and photonic devices is extremely difficult since
superconductor absorbs light and light breaks supercon-
ductivity. It becomes even more challenging to integrate
a superconducting cavity in the vicinity of a suspended
optomechanical resonator with large mode overlap and
minimized mode volume for enhanced interaction. Only
a few potential designs have been proposed theoretically
[28, 46], but no experimental realization has yet been
achieved.
In this work, we demonstrate a triply resonant su-
perconducting cavity POM interface that enables effi-
cient microwave-optical (M-O) photon conversion. To
our knowledge, this is the first realization of a super-
conducting POM converter that permits simultaneous
cavity enhancement of photon-phonon interactions in
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FIG. 1. (a) Superconducting cavity piezo-optomechanical system. A 10-GHz mechanical resonator is simultaneously cou-
pled with an optical and a superconducting cavities to achieve resonantly enhanced optomechanical and electromechanical
interactions at the same time. The superconducting cavity is inductively coupled to a transmission line for microwave signal
input and output. (b) Interaction diagram of the triple-resonance system. gem and gom denote the electromechanical and the
cavity-enhanced optomechanical the coupling rates, respectively. (c) Photon conversion mechanism in the frequency domain.
The blue, green, and red Lorentzian shapes stand for the microwave, mechanical, and optical resonances, respectively. An
red-detuned optical pump is indicated as the purple arrow. (d) Experimental realization of the triply resonant superconducting
piezo-optomechancial interface (schematic not to scale). A frequency-tunable superconducting “Ouroboros” microwave res-
onator (yellow) is aligned and coupled with a piezo-optomechanical micro-disk through the piezoelectric effect. Microwave and
optical photons are interconverted via cavity-enhanced interactions with 10-GHz phonons supported by the thickness mode of
the micro-disk.
both microwave and optical domains. By integrating a
frequency-tunable superconducting cavity with a 10-GHz
POM micro-disk, we are able to substantially enhance
the microwave photon-phonon interaction and achieve a
large electromechanical cooperativity (Cem ∼ 7)—about
three orders of magnitude improvement compared to pre-
vious POM converter demonstrations [41]. Combined
with the implementation of a pulsed optical pump scheme
to simultaneously boost the optomechanical interaction,
we demonstrate coherent photon and phonon interac-
tions via the observation of efficient bidirectional M-O
photon conversion. The demonstrated superconducting-
nanophotonic interface would not only advance the de-
velopment of scalable quantum information networks,
but also incorporate the state-of-the-art superconducting
quantum technologies in the optical domain for break-
throughs in hybrid quantum systems, such as entangled
M-O photon pair generation [47], quantum repeaters [48],
and quantum metrology and sensing [49].
II. HYBRID CAVITY PIEZO-MECHANICS
The concept of our triply resonant superconducting
POM system is illustrated in Fig. 1(a). A high-frequency
piezo-mechanical resonator at 10 GHz is coupled to an
optical cavity through radiation pressure force. At the
same time, the mechanical mode is immerged in the
electric field from the capacitor of an superconducting
LC resonator. As a result, cavity-enhanced piezoelectric
interaction between the mechanical and the microwave
modes can be achieved. The interaction diagram of the
system is shown in Fig. 1(b), where aˆ, bˆ, cˆ are the annihi-
lation operators of the optical, the mechanical, and the
microwave modes, respectively, with resonant frequen-
cies ωo, ωm, and ωe. The intrinsic dissipation rates of
the three modes are denoted by κo,i, κm, and κe,i. Input
and output photons are coupled to the optical and the
microwave modes with respective external coupling rates
κo,c and κe,c, contributing to the total dissipation rates
κo ≡ κo,i + κo,c and κe ≡ κe,i + κe,c of the two modes.
The cavity piezoelectric interaction is characterized
by a linear coupling rate gem, determined by the over-
lap between the microwave and the mechanical modes
[44]. For M-O photon conversion, an optical pump
tone is needed to compensate the photon energy differ-
ence. As illustrated in Fig. 1(c), when the pump (pur-
ple arrow) is red-detuned from the optical resonance by
∼ωm, the upper-sideband photon scattering (Stokes) is
significantly enhanced by the optical mode so that ef-
ficient coupling between optical photons and phonons
can be obtained with a linearized coupling rate given
by gom =
√
ncavgom,0. Here, gom,0 is the single-photon
coupling rate and ncav is the intra-cavity photon num-
ber populated by the pump. Combining with the cavity
electromechanical coupling, efficient bidirectional conver-
sion between microwave (∼ 10 GHz) and optical photons
(∼ 200 THz) can be achieved.
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FIG. 2. (a) An SEM image of the AlN piezo-optomechanical micro-disk resonator with a radius of 12µm. An angled zoomed-in
view of the suspended disk is shown on the right. (b) An optical image of the frequency-tunable superconducting “Ouroboros”
microwave resonator fabricated in NbN on sapphire substrate. (c) An optical image of the integrated converter showing the
alignment between the “Ouroboros” and the micro-disk. The “Ouroboros” is flipped over with its circular capacitor pad aligned
above the micro-disk (indicated in a red dashed circle). Scale bars in (a)-(c) are 20, 100, 50µm, respectively. (d)-(f) Spectrum
of the optical, the mechanical, and the microwave resonances, respectively, with both amplitude and phase response at 900 mK.
Orange lines are Lorentzian fittings. The detuning in (d) is from a pump laser at 194.363 THz (1543.5 nm). The inset in (f)
shows the resonant frequency tuning of the “Ouroboros” under an external magnetic field. The resonance in (f) is at zero field.
In the resolved-sideband limit (ωm  κo), the pump
induced parametric amplification (anti-Stokes) can be ne-
glected, and hence the system Hamiltonian can be ex-
pressed as (in the pump rotating frame)
H/~ =−∆oaˆ†aˆ+ ωmbˆ†bˆ+ ωecˆ†cˆ
− gom(aˆ†bˆ+ bˆ†aˆ)− gem(bˆ†cˆ+ cˆ†bˆ),
(1)
where ∆o ≡ ωp−ωo is detuning of the pump frequency ωp
from the optical resonance. When the pump is detuned
by ∆o = −ωm, the maximum photon number conversion
efficiency can be obtained (at ω = ωm) [50]
η0 =
κe,c
κe
κo,c
κo
4CemCom
(Cem + Com + 1)2 + 4
(Com+1)2
κ2e
δ2em
. (2)
Here, Cem ≡ 4g
2
em
κeκm
and Com ≡ 4g
2
om
κoκm
are the electrome-
chanical and the optomechanical cooperativities, respec-
tively. δem ≡ ωe − ωm is the frequency difference be-
tween the mechanical and the microwave resonances. To
achieve the highest efficiency, ideally, the microwave and
the mechanical modes should be on resonance (δem = 0),
and large and matched cooperativities (Cem = Com  1)
with very over-coupled readout ports (
κe,c
κe
,
κo,c
κo
→ 1) are
desired. In a POM system, large optomechanical co-
operativity has been previously demonstrated [34, 42].
However, so far the achieved electromechanical cooper-
ativity is only about 4 × 10−3 [41] due to the lack of
microwave cavity enhancement, which has become the
main efficiency bottleneck of POM converters.
III. TRIPLE-RESONANCE INTEGRATION
We address this challenge and experimentally realize
the triply resonant system by integrating a POM micro-
disk and a planar superconducting microwave resonator
as depicted in Fig. 1(d). The micro-disk simultaneously
supports a high-quality (Q) factor optical whispering
gallery mode and a high-frequency mechanical thickness
mode at 10 GHz [36]. To maximize the electromechanical
mode overlap and coupling, we implement our frequency-
tunable “Ouroboros” design of the superconducting res-
onator [51]. The “Ouroboros” (yellow) forms a planar
LC resonator which concentrates the electric field around
its capacitor pads. Aligning the micro-disk in the close
vicinity under the capacitor pad of the “Ouroboros” al-
lows maximized overlap between the perpendicular elec-
tric field of the microwave mode and the strain field of the
mechanical thickness mode. As a result, cavity-enhanced
electromechanical coupling is achieved. For converter op-
eration, optical photons are sent into and read out from
the micro-disk through an on-chip coupling waveguide;
microwave input/output photons are inductively coupled
to the “Ouroboros” by using a loop probe.
An SEM image of the micro-disk is shown in Fig. 2(a),
fabricated in aluminum nitride (AlN) with a thickness of
550 nm and a radius of 12µm. The micro-disk is sus-
pended and supported by a silicon dioxide anchor on
top of a high-resistivity silicon substrate. The size of
the anchor tip is minimized (< 100 nm in radius) by pre-
cise fabrication control for reducing acoustic radiation
loss. Figure 2(b) shows an optical image of the supercon-
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FIG. 3. (a) A schematic of measurement scheme with pulsed optical pump. A 3-µs-wide red-detuned pump pulse is generated
by on/off switching using an acoustic-optic modulator (AOM). To characterize the device temporal response, a low-frequency
microwave signal (δ0 = 40 MHz) from a lock-in amplifier (not shown here) is upconverted to f ∼ 10 GHz around the mechanical
resonance by single-sideband (SSB) modulation. The signal is then sent to the device either as the microwave input (switch
pos. 1), or the optical input after the optical SSB generation (pos. 2). The microwave or optical output (pos. 3 and 4, respec-
tively) is then downconverted to 40 MHz and sent to the lock-in amplifier to measure the quadratures in time domain. PD:
photodetector. LNA: low-noise RF amplifier. (b) Theoretical calculation of the temporal response of the system under a pulsed
pump (profile indicated in gray dashed line in the top panel). ncav: intra-cavity photon number. Soe and Seo: microwave-
to-optical and optical-to-microwave conversion signal, respectively. (c) Experimental data of the pulsed conversion signals at
different input detunings from the mechanical resonance (ωm
2pi
= 10.22 GHz). The measurement time resolution is ∆t ≈ 1.17µs.
(d) and (e) Coherent bidirectional microwave-optical photon conversion spectra with both amplitude and phase responses.
ducting “Ouroboros” resonator fabricated in a 50-nm-
thick niobium nitride (NbN) film on a thin sapphire sub-
strate. In order to better align resonant frequency of the
“Ouroboros” with the thickness mode of the micro-disk,
hole array structure is fabricated in the inductor wire of
the “Ouroboros” to realize frequency tunability by modi-
fying its kinetic inductance via an external magnetic field
[51]. After separate chip fabrication, the “Ouroboros” is
flipped over and aligned above the micro-disk with ap-
proximately 5-µm spacing (Fig. 2(c)). The two chips are
then bonded together, and two optical fibers are aligned
and attached to the side-coupled optical waveguide of the
micro-disk using epoxy. Device fabrication details are de-
scribed in [50].
The integrated superconducting POM device is loaded
in a dilution refrigerator on the STILL flange (900 mK)
for measurement. Although the ∼ 1 K environment
presents slightly higher thermal noise (n¯th ≈ 1.6), it pro-
vides much larger cooling power and thermal conductiv-
ity compared with millikelvin environment, which allows
higher optical pump power for efficient photon conver-
sion. Moreover, it is possible to radiatively cool a gi-
gahertz mode and suppress its thermal occupancy for
quantum operations [47] in spite of a hotter physical
temperature of the resonator. We have recently demon-
strated such radiative cooling of an “Ouroboros” mode by
constructing a cooling channel to a millikelvin cold bath
[52, 53]. In this work, we focus on the demonstration of
coherent M-O photon conversion in our triply resonant
POM system; systematic characterization of the noise
performance as well as the implementation of radiative
cooling is subject to future investigation.
The spectra of the optical, the mechanical, and the
microwave resonances of the hybrid device are shown in
Fig. 2(d), (e), and (f), respectively, measured at 900 mK.
The optical resonance is characterized using a single-
sideband modulation scheme to reveal the phase response
(details are explained later). The fiber-to-fiber optical
transmission efficiency is measured to be 4.3%, where the
14-dB loss mainly comes from the imperfect mode match-
ing at the fiber-to-chip interfaces. The optical intrinsic
and coupling Q factors are fitted to be Qo,i = 5.4 × 105
and Qo,c = 5.8 × 105, respectively, corresponding to
κo,i
2pi = 0.36 GHz and
κo,c
2pi = 0.34 GHz. The mechanical
resonance of the micro-disk is characterized by electro-
optomechanical driven response—similar to our previ-
ous room-temperature measurement scheme described in
Ref. [36]. The thickness mode of the micro-disk is ob-
served at ωm2pi = 10.220 GHz with Qm = 1.1× 104 (κm2pi =
0.93 MHz). The “Ouroboros” resonance at zero external
magnetic field is measured to be ωe2pi = 10.778 GHz with
Qe,i = 2.6 × 103 (κe,i2pi = 4.1 MHz) and Qe,c = 9.9 × 104
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FIG. 4. (a) Calibrated on-chip microwave-optical photon conversion efficiency η0 at different optical pump power Pin. (b)
Estimated temperature T and electromechanical resonance mismatch δem of the “Ouroboros” at different pump powers. (c)
and (d) The optical resonance and the conversion spectrum at different time during a 16-dBm pump pulse, respectively. The
spectra are vertically displaced for comparison purpose. The time resolution is ∆t ≈ 1.17µs.
(
κe,c
2pi = 0.11 MHz). This under-coupling of the microwave
port is caused by the nonideal faraway position of the
loop probe from the “Ouroboros”. By applying an ex-
ternal magnetic field, more than 200 MHz frequency tun-
ing range of the “Ouroboros” resonance is realized with-
out obvious degradation of the quality factor (inset in
Fig. 2(f)). The single-photon optomechanical coupling
rate is fitted to be
gom,0
2pi ≈ 19 kHz (details explained in
Section V). Benefited from the triple-resonance design,
a high electromechanical coupling rate gem2pi ≈ 2.7 MHz is
achieved [50], resulting in a large cooperativity Cem ∼ 7.
IV. PULSED PHOTON CONVERSION
To realize efficient M-O photon conversion, a large op-
tomechanical cooperativity is equally important. We ex-
ploit a pulsed-pump scheme to reduce the heating ef-
fect [42, 54] and boost the intra-cavity photon number
ncav. The measurement configuration is illustrated in
Fig. 3(a). A continuous-wave (c.w.) pump tone (purple
arrow) is provided by a stable tunable laser, red-detuned
by ∆o = −ωm from the optical resonance at 1543.420 nm.
The pump light is then pulsed by on/off switching using
an acoustic-optic modulator (AOM). In order to char-
acterize the coherent response of the POM converter in
time domain, a low-frequency (δ0 = 40 MHz) signal (la-
beled as sig. in in Fig. 3(a)) from a lock-in amplifier is
upconverted to ∼ 10 GHz via microwave single-sideband
(SSB) modulation technique. The upconverted c.w. mi-
crowave probe tone (blue arrow) can either be directly
sent to the converter (switch pos. 1) as its microwave in-
put, or generate the optical input (red arrow) through an
optical SSB modulator (switch pos. 2). The microwave or
the optical output (switch pos. 3 or 4) is then downcon-
verted to 40 MHz and sent back to the lock-in amplifier
for amplitude and phase measurement in time domain.
Detailed experimental setup is explained in [50].
Due to the finite temporal resolution of the lock-in am-
plifier (∆t ≈ 1.17µs), we set a minimum pump pulse
width of 3µs with a repetition period of 1 ms. Theo-
retical analysis indicates that, within the pump pulse,
our system already reaches a steady state. Numeri-
cal calculations of the system response are plotted in
Fig. 3(b). The top panel shows the rapid population of
intra-cavity optical photons under an ideal 3-µs pump;
the fast response time corresponds to the optical cav-
ity decay rate 1/κo ≈ 0.2 ns. In experiment, the rise-
/fall-time of the pump pulse and ncav is determined by
the AOM switching speed (< 35 ns), which is still much
shorter than the pump pulse width. The middle and
the bottom panels show the microwave-to-optical (Soe)
and the optical-to-microwave (Seo) conversion signal, re-
spectively. In both cases, the transient response time
is less than a few hundreds of nanoseconds, which is
determined by the coupling and the dissipation rates
gom, gem, κe, κm ∼ MHz× 2pi (see [50] for analysis).
Figure 3(c) shows typical temporal M-O conversion
pulses measured in experiment at different input detun-
ings from the mechanical resonance. It can be seen
that, when the pump is turned on, conversion signals are
clearly observed in both directions with the maximum
magnitude at zero detuning. By sweeping the input fre-
quency, bidirectional M-O photon conversion spectra are
obtained in Fig. 3(d) and (e) with both amplitude and
phase responses, confirming the coherence of the conver-
sion process. A large conversion bandwidth of 1 MHz
is achieved around the center mechanical resonant fre-
quency.
V. CONVERSION EFFICIENCY AND
THERMAL SHIFT
The photon conversion efficiency can be calibrated by
measuring the full spectra of the scattering matrix ele-
ments. Here, we use Sij [ω] (i, j = o, e) to denote the
directly measured reflection or conversion spectra, which
are proportional to intrinsic scattering matrix elements
tij [ω] of the converter (within the dashed box in Fig. 3(a))
up to a constant gain or loss factor. Since the system
is reciprocal, the gain and loss factors along each input
6and output path can be calibrated out together to ob-
tain the conversion efficiency η[ω] = |toe[ω]|2 = |teo[ω]|2
[50], which simplifies to Eq. (2) at the peak of the spec-
trum (η[ωm] = η0). The on-chip M-O photon conversion
efficiencies η0 at different optical pump powers Pin are
plotted as blue circles in Fig. 4(a). The corresponding
intra-cavity photon number ncav, which is proportional
to Pin, is labeled on the upper x-axis. It can be seen that
at low powers, η0 increases linearly with Pin and ncav,
as expected from Eq. (2) when Com  1. As the pump
power further increases, the efficiency dramatically goes
up to a peak value and then drops. This behavior can
be attributed to the pump induced thermal shift of the
microwave resonance as discussed below. The highest ef-
ficiency achieved is (7.3±0.2)×10−4, which corresponds
to an internal efficiency of (5.8 ± 0.2)% after excluding
the low extraction factor (
κo,c
κo
κe,c
κe
≈ 1.3%).
The thermal effect can be observed from the optical
resonance shift during the pump pulse. Figure 4(c) shows
the optical spectrum at different time within the pulse
at a pump power of 16 dBm. It can be seen that after
the pump is turned on, the optical resonance gradually
shifts to lower frequencies by ∼ 0.59 GHz within the 3-
µs pulse. Therefore, in our experiment, the detuning of
the optical pump is always adjusted and optimized es-
pecially at high powers to compensate the thermal shift
and achieve the highest conversion efficiency. In con-
trast, the thermal effect has negligible influence on the
mechanical resonance since the small relative frequency
shift (< 10−5) corresponds to less than 0.1 MHz at the
mechanical frequency, which is much smaller than the
mechanical linewidth and hence not noticeable in the con-
version spectrum (Fig. 4(d)).
In our POM system, the “Ouroboros” has an origi-
nal resonance at 10.778 GHz, higher than the mechanical
resonance of the micro-disk at 10.220 GHz. Therefore, an
external magnetic field (∼ 1 mT) is applied to tuned the
“Ouroboros” frequency down to 10.590 GHz to reduce
the frequency mismatch. At low optical pump powers,
the remained mismatch (δem in Eq. 2) compromises the
electromechanical interaction and hence limits the con-
version efficiency. Nevertheless, at high pump powers,
the heating effect (mostly comes from the fiber-to-chip
interface in our case) becomes non-negligible, and the
“Ouroboros” frequency will further decrease due to the
reduction of Cooper pair density in the superconductor.
As a result, raising the pump power will not only boost
the optomechanical cooperativity Com, but also reduce
the electromechanical resonance mismatch δem, thus giv-
ing rise to a sharp increase of the conversion efficiency.
Due to the under-coupling condition of the microwave
probe and the imperfect measurement background, it
is difficult to trace the “Ouroboros” resonance at high
pump powers. However, we can estimate the frequency
shift and the temperature of the “Ouroboros” based on
the pump power dependence of the conversion efficiency.
Because the inductance of the “Ouroboros” is dominated
by the kinetic inductance (Lk), we assume that its reso-
nance frequency shift is affected by temperature primar-
ily via ωe(T ) ∝ 1√
Lk(T )
. Using the temperature depen-
dence of kinetic inductance from BCS theory [55], we
have
ωe(T ) ≈ ν0
[√
1− T
Tc
tanh
(
1.53
Tc
T
√
1− T
Tc
)]1/2
,
(3)
where Tc ≈ 12 K is the critical temperature of the NbN
film, and T ≈ T0 + βPin assuming that the temperature
change from T0 = 900 mK is proportional to the pump
power Pin. ν0 and β are two proportional constants. ν0
can be determined by the initial Ouroboros frequency
ωe(T )
2pi = 10.590 GHz at T = T0, while β is treated as a
fitting parameter.
Substituting Eq. (3) into Eq. (2), we can get the power
dependence of conversion efficiency. By setting β, gom,0,
and gem as free parameters while using experimentally
obtained values for other device parameters, the conver-
sion efficiency can be fitted very well as indicated in the
red line in Fig. 4(a). The thermal constant and the single-
photon optomechanical coupling rate are extracted to be
β = (3.43±0.02)×10−2 K/mW and gom,02pi = (19±2) kHz,
respectively. The electromechanical coupling rate is fit-
ted to be gem2pi = (3.2 ± 0.3) MHz, which agrees well
with our experimental characterization (∼ 2.7 MHz, see
[50]). The corresponding temperature and resonant fre-
quency shift of the “Ouroboros” at different pump pow-
ers are plotted in Fig. 4(b). As expected, the tempera-
ture gradually goes up, whereas the resonant frequency
decreases, with increasing pump power. At the highest
conversion efficiency, the fitting indeed infers zero elec-
tromechanical resonance mismatch (gray dashed lines in
Fig. 4(b)). The theoretical estimation also indicates that
the “Ouroboros” temperature remains below ∼ 3 K even
at the highest pump power that we applied. This is rea-
sonable since the thermally induced relative frequency
shift of the superconducting “Ouroboros” is only ∼ 4%.
It is worth pointing out that the measured efficiency-
pump power dependence in Fig. 4(a) is highly repeatable
without observation of hysteresis effect (see [50] for de-
tails). This confirms that during our measurement the
“Ouroboros” always remains in its superconducting state
with its temperature well below Tc, even in presence of
the external magnetic bias and the pump induced heat-
ing.
Therefore, by implementing the pulsed pump scheme,
we are able to significantly reduce the optical heating
and boost the pump photon number. The optomechan-
ical cooperativity at the highest conversion efficiency is
estimated to be Com ∼ 0.4. For comparison, we also per-
form measurement using c.w. optical pump. Affected by
excessive heating, the best c.w. conversion efficiency ob-
tained is only 2×10−7 (orange diamond point in Fig. 4(a))
with the pump power limited to −8.3 dBm, which is over
two orders of magnitude less than that can be applied in
the pulsed scheme.
7VI. DISCUSSION
Benefited from the integration of the superconducting
microwave cavity, we demonstrated a large Cem ∼ 7 in
our triply resonant POM interface. To further improve
the conversion efficiency, Com needs to be enhanced to
match Cem. This could be done by either improving the
optical and the mechanical quality factors through bet-
ter fabrication process or further increasing the pump
photon number. The pump induced heating would be
reduced if the fiber-to-chip coupling loss is minimized.
Towards quantum-enabled M-O photon conversion, it
is equally important to minimize the added noise induced
by thermal excitations. The high operation frequency of
our converter is advantageous to suppress thermal noise
from both microwave and mechanical baths. The esti-
mated temperature of the “Ouroboros” leads to a ther-
mal occupancy of the microwave bath around only a few
photons (n¯the ≈ 5.6 at 3 K). In [50], we provide compre-
hensive theoretical analysis of the added noise during the
photon conversion process in both directions. We show
that it is possible to suppress both the microwave and the
mechanical added noise to subphoton level even the de-
vice is physically in a relatively “hot” environment. This
can be realized by implementing the radiative cooling
scheme [52, 53] with an over-coupled microwave port. In
addition, a large Com is needed to suppress the mechan-
ical added noise during the optical-to-microwave photon
conversion. Future experimental characterization of the
noise performance of our POM converter will be valuable.
In summary, we have realized an integrated inter-
face between superconducting and nanophotonic circuits.
The demonstrated high-frequency superconducting cav-
ity POM system provides a new route towards the devel-
opment of scalable efficient M-O photon conversion de-
vices. Combining with our recently demonstrated radia-
tive cooling technique and feasible future improvement of
device parameters, quantum operations braiding super-
conducting microwave, nanomechanics, and nanophoton-
ics can be expected.
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A. DEVICE FABRICATION
The POM micro-disk is fabricated in a 550-nm-thick c-axis aligned AlN layer on an oxidized high-resistivity silicon
substrate. A 200-nm-thick silicon dioxide (SiO2) layer is first deposited on top of the AlN as hard mask via plasma-
enhanced chemical vapor deposition (PECVD). The photonic pattern is then defined using electron-beam lithography
(EBL) with Ma-N 2403 resist, followed by resist reflow technique to improve surface smoothness. Fluorine-based
reactive-ion etching (RIE) is performed to transfer the pattern in the SiO2 mask layer. The AlN is then shallow-
etched using chlorine-based RIE with a thin layer (∼ 100 nm) left as the protection layer during the later releasing
process. The second EBL is performed with ZEP 520A resist to define the releasing areas where the rest of the AlN is
etched through by the second chlorine-based RIE. In order to integrate with the “Ouroboros” chip, PECVD SiO2 and
silicon nitride (SiN) layers (5µm and 500 nm thick, respectively) are deposited successively around edge areas of the
AlN chip as spacers besides the micro-disk. The SiN protects the SiO2 spacers from being etched during the releasing
process. The device is then released in buffered oxide etch (BOE) to etch the sacrificial SiO2 layer beneath the AlN
and suspend the micro-disk. The releasing process is precisely timed so that the SiO2 anchor of the micro-disk has a
minimized tip size around 100 nm in radius. The chip is finally cleaved to prepare for fiber side coupling at the two
ends of the photonic waveguide.
The superconducting “Ouroboros” is fabricated in a 50-nm-thick NbN film deposited on a 150-µm-thick sapphire
substrate. The “Ouroboros” structure is defined by EBL using hydrogen silsesquioxane (HSQ) resist. After individual
fabrication and characterization of the micro-disk and the “Ouroboros”, the two chips are aligned under a microscope
and integrated together. The “Ouroboros” chip is flipped over and placed on top of the AlN chip with the circular
capacitor pad of the “Ouroboros” aligned above the AlN micro-disk. The SiO2 spacers maintain a ∼ 5-µm gap
between the “Ouroboros” and the micro-disk so that optics and superconductivity would not compromise each other.
This gap, on the other hand, is still much smaller than the microwave wavelength and mode size, which ensures
large piezo-electromechanical coupling. The aligned chips are then bonded together by applying ultraviolet (UV)
epoxy at the edges. Two ultra-high numerical aperture (UHNA) optical fibers are aligned to the two ends of the
coupling waveguide of the micro-disk, then bonded using UV epoxy. The integrated superconducting POM device
is then enclosed in a copper box holder for measurement, with a home-made superconducting coil placed above the
“Ouroboros” to provide magnetic field for frequency tuning.
B. ELECTROMECHANICAL COUPLING RATE, gem
The electromechanical coupling rate gem can be characterized by measuring the microwave reflection spectrum of
the coupled modes. Since in our converter device, the mechanical resonance of the micro-disk is out of the frequency
tuning range of the “Ouroboros”, we experimentally characterize gem using a separate device, fabricated in the same
way as the converter but the “Ouroboros” has slightly lower resonant frequency which can be aligned with mechanical
thickness mode of the micro-disk.
As shown in Fig. S1(a), when the “Ouroboros” resonance is tuned to lower frequencies by the external magnetic
field, avoided crossing is observed, indicating strong electromechanical coupling. Figure S1(b) plots the amplitude and
phase spectrum at Bext = 0.09 mT (gray dashed line in (a)), which can be fitted by using the microwave reflection
coefficient without the optomechanical coupling
See[ω]
∣∣∣
gom=0
= −1 + κe,c
−i(ω − ωe) + κe2 + g
2
em
−i(ω−ωm)+κm2
. (S.1)
From the fitting (red lines in Fig. S1(b)), we extract gem2pi = 2.7 MHz. The intrinsic microwave and mechanical Q factors
and dissipation rates of this devices are Qe,i = 1.7× 103 (κe,i2pi = 6.4 MHz) and Qm = 1.4× 104 (κm2pi = 0.74 MHz).
It is worth pointing out that the slightly different resonant frequencies and Q factors of the device have negligible
influence on the microwave and the mechanical mode profiles and their overlap; hence won’t affect the electrome-
chanical coupling. As discussed in the main text, this directly measured gem from the characterization device agrees
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FIG. S1. Measurement of the electromechanical coupling rate gem. (a) Microwave reflection spectrum at different external
magnetic fields. As the “Ouroboros” resonance is tuned across the mechanical resonance of the micro-disk, avoided crossing is
observed. (b) Line plot of the spectrum at Bext = 0.09 mT (gray dashed line in (a)) with both amplitude and phase responses.
The red lines are the fitting using coupled mode formula, which extracts a coupling rate gem
2pi
= 2.7 MHz.
very well with the fitted value based on the power dependence of conversion efficiency of our converter device. For a
conservative estimation, we use gem2pi = 2.7 MHz and calculate Cem ≈ 7.4.
C. MEASUREMENT SETUP
Detailed measurement setup of the pulsed microwave-optical photon conversion is shown in Fig. S2. An ultra-high-
frequency lock-in amplifier (Zurich Instruments UHFLI) is used to send two low-frequency (δ0 = 40 MHz) signals to
an IQ mixer, with their phase difference fine-tuned around 90◦ for synthesizing microwave single sideband from an
RF source at ∼ 10 GHz as local oscillator (LO). This upconverted single-sideband microwave tone can be swept by
varying the frequency of the LO, and sent to either the converter (switch pos. 1) as a c.w. microwave input or an
optical single-sideband modulator (SSBM) to generate an optical input (switch pos. 2). The optical single sideband is
generated from a stable tunable laser (Santec TSL-710), which at the same time serves as the pump after amplified by
an erbium-doped fiber amplifier (EDFA) and filtered by a tunable filter to reduce noise. This c.w. pump is pulsed by
switching on/off an acoustic-optic modulator (AOM). This is done by sending a 30-µs trigger pulse with a repetition
period of 1 ms from a function generator to a TTL switch to modulate the 80-MHz RF carrier of the AOM. At the
same time, the trigger pulse is split and sent to the Zurich UHFLI as the external trigger for temporal measurement.
The output signal of the converter at ∼ 10 GHz is downconverted to 40 MHz using the same RF source and sent to
the Zurich for detection in time domain.
D. MEASUREMENT REPEATABILITY AND EFFICIENCY CALIBRATION
The bidirectional conversion signals in our experiment are highly repeatable within the largest applied pump power
at 17.2 dBm. As indicated as cyan stars in upper panel of Fig. S3(a), we repeat the Soe measurement at low powers
after sweep up to highest pump power. It can be seen that even after a few hours of delay between measurements,
the results still overlap very well with previous data, confirming no hysteresis effects. This indicates that during our
experiment, the “Ouroboros” remains well in its superconducting state with stable and repeatable resonant frequency
even in presence of the pump induced heating and the external magnetic bias field. In addition, we plot the directly
measured Seo in the lower panel of Fig. S3(a) to show consistent power dependence as the Soe (|Seo|2 is manually shifted
by 44 dB for comparison purpose), revealing the bidirectional and reciprocal nature of the M-O photon conversion.
The conversion efficiency is calibrated by measuring the full spectra of the scattering matrix elements, following
the procedure described in [21]. The principle of the calibration is illustrated in Fig. S3(b). The directly measured
scattering matrix elements Sij are proportional to the intrinsic elements of the converter up to a constant gain or loss
factor. Although it is difficult to calibrate individual gain or loss factor along each path, they can be canceled out
together to obtain the intrinsic conversion efficiency since conversion is reciprocal. The on-chip efficiency (peak of the
spectrum at ω = ωm) can be obtained by
η0 = |toe[ωm]teo[ωm]| = |Soe[ωm]Seo[ωm]||Soo,bg[ωm]See,bg[ωm]| , (S.2)
where Soo,bg and See,bg denote the background of the reflection spectra Soo and See without resonance, namely,
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FIG. S2. Measurement setup of the pulsed photon conversion. UHFLI: ultra-high-frequency lock-in amplifier. SSBM: single-
sideband modulator. EDFA: erbium-doped fiber amplifier. AOM: acoustic-optic modulator. TTL: transistor-transistor logic
switch. HEMT: high-electron-mobility transistor amplifier. PD: photodetector. LNA: low-noise RF amplifier.
α1β1 and α2β2. By fitting the reflection and conversion spectra at the optimal pump power of 16.1 dBm, we extract
|Soo,bg[ωm]|2 = (4.27 ± 0.02) × 10−2, |See,bg[ωm]|2 = (6.44 ± 0.24) × 10−2, |Soe,bg[ωm]|2 = (1.29 ± 0.04) × 10−2,
|Seo,bg[ωm]|2 = (1.15± 0.02)× 10−2. Using Eq. (S.2) and the propagation of uncertainty, we can calibrate the highest
on-chip conversion efficiency to be (7.3± 0.2)× 10−4, corresponding to an internal efficiency of (5.8± 0.2)%.
E. PULSE RESPONSE AND CONVERSION SPECTRUM
E.1. Optical cavity photon response
We first calculate the response of the classical intra-cavity field α(t) under a pulse pump input αin(t), which is related
to the input pump power via Pin(t) = ~ωo|αin(t)|2. To first order approximation, the optomechanical backaction can
be neglected and α simply follows
α˙(t) =
(
i∆o − κo
2
)
α(t) +
√
κo,cαin(t). (S.3)
If the rising edge of the input is a perfect step function, namely, αin(t) = 0 when t < 0 and αin(t) = α0 is constant
when t ≥ 0, the intra-cavity photon number can be solved as (t ≥ 0)
ncav(t) ≡ |α(t)|2 =
κo,c
∣∣α20∣∣
∆2o + κ
2
o/4
[
1 + e−κot − 2 cos (∆ot)e−
κo
2 t
]
, (S.4)
which reaches steady state with a time constant 1/κo. Similarly, the falling edge will have the same response time.
The cosine oscillation term in solution Eq. (S.4) is due to the perfectly sharp step edge of the input which doesn’t
exist in experiment. Therefore, in numerical calculation in Fig. 3(b) of the main text, we used a Gauss error function
for a smoother input, instead of a step function, to reduce the artificial oscillation.
E.2. Conversion signal response
Now we analyze the pulse response of the conversion photon. Due to the fast response of the ncav(t), the op-
tomechanical coupling gom(t) ≡ gom,0
√
ncav(t) can be simply treated as a step function. In other words, the pump
pulse serves as a fast switch to quickly turn on and off the optomechanical coupling. In the resolved-sideband limit
(ωm  κo), the Heisenberg equations of motion of the intra-cavity field a(t) = (aˆ, cˆ, bˆ)T can be written as [47]
a˙(t) = Aa(t) +Bain(t), (S.5)
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FIG. S3. (a) Directly measured bidirectional conversion signals at different pump power Pin. The upper panel shows repeated
measurement of Soe at lower powers after sweeping to the highest applied pump power. The results overlap very well with
the original data without hysteresis effect. The lower panel shows the consistent power dependence of Soe and Seo. The |Seo|2
curve is manually shifted up by 44 dB for comparison purpose. (b) Signal flowing diagram showing the relation between the
directly measured scattering matrix elements Sij and the intrinsic on-chip elements tij , (i, j = o,e). The gain and loss factors
(α’s and β’s) can be calibrated out together to obtain the intrinsic conversion efficiency.
where ain(t) = (ain1, ain2, cin1, cin2, bin2)
T is the input term. The subscript (1, 2) denotes the coupling or the intrinsic
(noise) port, respectively. Matrices A and B are given by
A =
i∆o − κo2 0 igom(t)0 −iωe − κe2 igem
igom(t) igem −iωm − κm2
 , B =
√κo,c √κo,i 0 0 00 0 √κe,c √κe,i 0
0 0 0 0
√
κm
 . (S.6)
Combining with the input-output relation
aout(t) = B
Ta(t)− ain(t) (S.7)
and setting the noise input terms to be zero, we can numerically calculate the temporal profiles of the conversion
signals as plotted in Fig. 3(b) of the main text.
The physical understanding of the transient conversion response is as follows. In general, characteristic response
time of a cavity is determined by its total energy exchange rate (including all dissipation and coupling channels). For
the mechanical mode, besides its own intrinsic dissipation κm, the electromechanical coupling provides an effective
energy transfer rate ∼ 4g2emκo = Cemκm. When gom is turned on by the pump pulse, the effective optomechanical energy
transfer rate is ∼Comκm. Therefore, the mechanical total energy exchange rate is Γm ∼ (1 + Cem + Com)κm, which
results in a response time ∼ 1/Γm  1µs. Similarly, the microwave total rate is Γe ∼ (1 + Cem)κe and 1/Γe  1µs.
Therefore, as confirmed by the numerical results, the conversion signals can quickly reach steady state during the 3-µs
pump pulse.
E.3. Conversion spectrum
Solving Eq. (S.5) and (S.7) in the frequency domain, we can define the scattering matrix S[ω] from aout[ω] =
S[ω]ain[ω], which can be expressed as
S[ω] = BT [−iωI3 −A]−1B− I5, (S.8)
where I3 and I5 are 3×3 and 5×5 identity matrix, respectively. The (1,3) and the (3,1) elements of S correspond to the
microwave-to-optical and the optical-to-microwave conversion coefficients (toe and teo in the main text), respectively;
namely, S1,3[ω] ≡ aout1[ω]/cin1[ω] = toe[ω] and S3,1[ω] ≡ cout1[ω]/ain1[ω] = teo[ω]. The M-O photon conversion
spectrum η[ω] ≡ |toe[ω]|2 = |teo[ω]|2 can be obtained as
η[ω] =
κe,c
κe
κo,c
κo
4CemCom∣∣∣Cem(1− iω+∆oκo/2 )+ (1− iω−ωeκe/2 )[Com + (1− iω+∆oκo/2 )(1− iω−ωmκm/2 )]∣∣∣2 , (S.9)
which reduces to Eq. (2) in the main text when ∆o = −ωm and ω = ωm.
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F. NOISE ANALYSIS
The added noise during the photon conversion process can be analyzed by calculating the power spectrum density
(PSD) of the output fields. For a field xˆ(t), the power spectrum density is given by Sx[ω] =
1
2pi
∫ +∞
−∞ dω
′〈xˆ†[−ω]xˆ[ω′]〉,
where xˆ[ω] is the Fourier transform of xˆ(t). The input thermal noise terms satisfy relations
〈bˆin2[ω]bˆ†in2[ω′]〉 = (n¯th,m + 1)2piδ(ω + ω′),
〈bˆ†in2[ω]bˆin2[ω′]〉 = n¯th,m2piδ(ω + ω′),
〈cˆin2[ω]cˆ†in2[ω′]〉 = (n¯th,e + 1)2piδ(ω + ω′),
〈cˆ†in2[ω]cˆin2[ω′]〉 = n¯th,e2piδ(ω + ω′),
(S.10)
with
n¯th,m =
1
e~ωm/kBTm − 1 , n¯th,e =
1
e~ωe/kBTe − 1 . (S.11)
Here, Tm and Te are the temperatures of the intrinsic mechanical and microwave thermal baths, respectively. Note
that we have neglected the thermal noise of the optical mode since it will be at the quantum ground state even at
room temperature.
For microwave-to-optical conversion (upconversion), the input fields are the microwave signal cˆin1, the
microwave noise cˆin2, and the mechanical noise bˆin2. Then the optical output PSD can be expressed as
Saout1[ω] = |S1,3|2 1
2pi
∫ +∞
−∞
dω′〈cˆ†in1[−ω]cˆin1[ω′]〉+ |S1,4|2
1
2pi
∫ +∞
−∞
dω′〈cˆ†in2[−ω]cˆin2[ω′]〉
+ |S1,5|2 1
2pi
∫ +∞
−∞
dω′〈bˆ†in2[−ω]bˆin2[ω′]〉.
(S.12)
The first term is the converted optical signal, the second and the third terms are noise. The added noise of the
converter is defined as the noise referred to the input. Plugging in Eq. (S.10), we can get the microwave added noise
nup,e and the mechanical added noise nup,m as
nup,e =
|S1,4|2
|S1,3|2
n¯th,e =
κe,i
κe,c
n¯th,e, (S.13)
nup,m =
|S1,5|2
|S1,3|2
n¯th,m =
[(
κe
2
)2
+ (ω − ωe)2
]
κm
g2emκe,c
n¯th,m. (S.14)
In our experiment, the microwave thermal bath is estimated to have only a few photons (n¯th,e ≈ 1.6 at 1 K, and 5.6
at 3 K). Therefore nup,e can be easily suppressed to below one when the microwave coupling port is very over-coupled
(κe,i  κe,c). For the mechanical added noise, when ω = ωe = ωm, we have nup,m = 1Cem κeκe,c n¯th,m. Namely, a large
Cem and the over-coupling condition can suppress the mechanical added noise even if device is physically in a “hot”
thermal bath. These theoretical analyses, in fact, reveal the effect of radiative cooling—that is by over coupling the
microwave mode to a cold bath, the electromechanical modes can be cooled to quantum ground state despite the large
thermal occupancy of their physical environment.
For optical-to-microwave conversion (downconversion), the input fields are the optical signal aˆin1, the me-
chanical noise bˆin2, and the microwave noises from both the intrinsic bath cˆin2 and the coupling port cˆin1. Hence, the
microwave output PSD is
Scout1[ω] = |S3,1|2 1
2pi
∫ +∞
−∞
dω′〈aˆ†in1[−ω]aˆin1[ω′]〉+ |S3,5|2
1
2pi
∫ +∞
−∞
dω′〈bˆ†in2[−ω]bˆin2[ω′]〉
+ |S3,4|2 1
2pi
∫ +∞
−∞
dω′〈cˆ†in2[−ω]cˆin2[ω′]〉+ |S3,3|2
1
2pi
∫ +∞
−∞
dω′〈cˆ†in1[−ω]cˆin1[ω′]〉.
(S.15)
The first term is the converted microwave signal, the second and the third terms are the mechanical and the microwave
noises. The last term is the noise coming in from the microwave input port, which then gets reflected and comes
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out as part of the microwave output. For practical quantum operation, a circulator is needed to separate the input
and the output fields of the microwave port. The microwave input should be thermalized at ∼mK environment to
make sure this last term in Eq. (S.15) contributes zero noise. This is also consistent with our idea and experimental
implementation of the radiative cooling [52]. Similarly, the microwave and the mechanical added noise during the
downconversion can be obtained as
ndown,e =
|S3,4|2
|S3,1|2
n¯th,e =
∣∣g2om + [κo2 − i(ω + ∆o)][κm2 − i(ω − ωm)]∣∣2κe,i
g2emg
2
omκo,c
n¯th,e, (S.16)
ndown,m =
|S3,5|2
|S3,1|2
n¯th,m =
[(
κo
2
)2
+ (ω + ∆o)
2
]
κm
g2omκo,c
n¯th,m. (S.17)
We see that the thermal noises contribute differently in different conversion directions. When ω = ωe = ωm = −∆o,
the microwave added noise simplifies to ndown,e =
(Com+1)
2
ComCem
κo
κo,c
κe,i
κe
n¯th,e. As we have discussed in the main text, a
high conversion efficiency requires large and matched Com and Cem, so the first factor would be around one. An
over-coupled optical port will reduce the second factor to close to one. Therefore, it is again very crucial to over
couple the microwave port (κe,i/κe  1) to suppress n¯th,e. The mechanical added noise at ω = ωm = −∆o becomes
ndown,m =
1
Com
κo
κo,c
n¯th,m. Hence, it is important to have a large Com to suppress the mechanical noise during the
optical-to-microwave photon conversion.
